Summary Clones of aspen (Populus tremuloides Michx.) were identified that differ in biomass production in response to O 3 exposure.
C pulse and returned to the treatment chambers for a 48-h chase period before harvest. Allocation of When photosynthetic data were used to convert percent 14 C transported to the total amount of carbon transported on a mass basis, it was found that carbon transport was controlled more by photosynthesis in the source leaves than proportional changes in allocation to the sinks. Ozone decreased the total amount of carbon translocated to all sink tissue in the O 3 -sensitive Clone 259 because of decreases in photosynthesis in both recently mature and mature source leaves. In contrast, O 3 had no effect on carbon transport from recently mature leaves to lower shoots of either Clone 216 or 271, had no significant effect on transport to roots of Clone 216, and increased transport to roots of Clone 271. The O 3 -induced increase in transport to roots of Clone 271 was the result of a compensatory increase in upper leaf photosynthesis and a relatively greater shift in the percent of carbon allocated to roots. In contrast to those of Clone 271, recently mature leaves of Clone 216 maintained similar photosynthetic rates and allocation patterns in both the CF and O 3 treatments. We conclude that Clone 271 was more tolerant to O 3 exposure than Clone 216 or 259.
Introduction
Carbon allocation in indeterminate woody plant species such as trembling aspen (Populus tremuloides Michx.) follows a predictable seasonal pattern. During active shoot growth, carbon allocation, especially from recently mature leaves, is primarily upward toward the growing shoot. As shoot growth slows, more carbon is allocated to stem and root growth and storage. Mature leaves lower on the stem export most fixed carbon to the lower stem and roots throughout the season (Dickson 1986 (Dickson , 1991 .
Tropospheric O 3 affects carbon allocation patterns of woody plants in several ways. Compared to unstressed plants, greater amounts of carbon are retained in the foliage or shoot tissue (Brouwer 1983) . In herbaceous crop plants, O 3 decreases root biomass relative to shoot biomass (Cooley and Manning 1987) , and this response is related to changes in whole-plant carbon allocation patterns (Blum et al. 1982 , McCool and Menge 1983 , McLaughlin and McConathy 1983 . Studies of O 3 effects on carbon allocation in trees have primarily involved conifers (Adams et al. 1990) , which are considerably less sensitive to O 3 than herbaceous crops (Reich 1987 , Gorissen and van Veen 1988 , Spence et al. 1990 , Adams and O'Neill 1991 , Gorissen et al. 1991a , 1991b . In contrast to crop plants and conifers, little information is available concerning O 3 effects on carbon allocation in hardwood tree species.
Alterations in carbon partitioning in source leaves that favor either starch or sugar accumulation is another characteristic stress response in plants . Stress may also induce a shift from starch reserves to sugars and other compounds associated with tissue repair (Tingey 1974 , Meier et al. 1990 , Bücker and Ballach 1992 .
There have been few studies of genetic variation in plant response to O 3 (Butler and Tibbitts 1979 , Heck et al. 1988 , Gillespie and Winner 1989 , and in particular, of carbon allocation responses (McLaughlin and McConathy 1983, Adams and O'Neill 1991) . We have, therefore, examined carbon allocation and partitioning responses of aspen clones differing in biomass response to O 3 . Following the terminology outlined by Dickson and Isebrands (1993) , where carbon allocation refers to translocation of carbon from source leaves to sink tissue, and carbon partitioning refers to the movement of carbon among the various chemical fractions within a particular tissue, we postulated that clonal differences in response to O 3 reflect differences in carbon allocation between shoot and root, and in carbon partitioning among chemical fractions that favor carbon retention in source leaves.
Materials and methods
Aspen clones ranging in sensitivity to O 3 (216, O 3 tolerant; 271, intermediate; and 259, O 3 sensitive) were selected based on susceptibility to foliar injury and decreases in biomass after O 3 exposure (Karnosky et al. 1992) . However, these O 3 -sensitivity rankings change depending on the response parameter measured. Experimental plants were vegetatively propagated as softwood cuttings as described by Coleman et al. (1995) .
Ozone exposures
Episodic treatments were derived from hourly ambient profiles constructed from O 3 data collected in Michigan's Lower Peninsula in cooperation with the U.S. Environmental Protection Agency (Coleman et al. 1995) . The simulated ambient profile was doubled to give a twice ambient (2×) exposure. Ozone for the twice ambient treatments, hereafter referred to as O 3 treatment or 2× exposure, was generated with an OREC V10-0 O 3 generator with oxygen as the source and dispensed into charcoal-filtered air (CF) in open-top chambers. There were three chambers for each CF and O 3 treatment. Mean hourly O 3 concentrations for each chamber were recorded and summed over the growing season to quantify cumulative O 3 dose (Table 1).
Labeling with

14
CO2
Plants were labeled with 14 CO 2 (25 µCi) three times during the 1990 growing season: on July 2 to 4, July 23 to 25, and August 14 to 16. All plants from one replicate O 3 chamber and one replicate CF chamber were labeled in one day. Because there were three replicate chambers per treatment, it took 3 days to label all plants. Two plants to provide two leaf positions for each of three clones were labeled in each chamber. Recently mature source leaves were first labeled on one plant, then mature source leaves were labeled on the second (Figure 1 ). Plants were labeled under natural light conditions within 2 h of solar noon as described by Isebrands and Dickson (1991) . Three leaves from the specified age class were enclosed in a mylar bag. The bag was sealed to the stem above the source leaves and closed with adhesive tape and cinched around the stem below the source leaves with flexible wire. Labeled carbon dioxide ( 14 CO 2 ) was generated inside the bag by injecting lactic acid into a cup containing a 14 C sodium bicarbonate precipitate. During the 30-min pulse treatment, the bag was periodically flexed to ensure circulation of the 14 CO 2 . After the 
Biochemical analysis
Carbon partitioning was determined to evaluate fluxes of 14 C into various chemical fractions (Dickson 1979, Isebrands and Dickson 1991) . This method involves the sequential extraction of tissue samples into several biochemical fractions that can be either counted to determine 14 C, or quantitatively analyzed to determine the size of each pool (e.g., total soluble sugars, starch, amino acids, etc.). Only tissue samples (source leaves, lower stems and course roots) collected in mid-August were used for 
Estimated carbon fixation and translocation
Photosynthetic carbon fixation was measured on a companion set of plants that were treated like those used for the 14 C experiments (Coleman et al. 1995) . Briefly, photosynthetic fixation rate of each leaf age class was determined and that rate was multiplied by the total leaf area of that leaf age class. To estimate the amount of carbon fixed and translocated to each sink tissue, the quantity of carbon fixed by each leaf age class was multiplied by the percent translocated to determine total carbon translocated. Total carbon translocated was then subdivided into the percent translocated to each sink tissue.
Statistical analysis
The carbon allocation data were subjected to analysis of variance in a four-way factorial design. The four factors in the design were O 3 treatment, harvest, clone and leaf position. Statistical evaluation of biochemical and carbon translocation data included only one harvest and was, therefore, a three-factor design. Because the O 3 treatment was within open-top chambers, a split-plot analysis was employed. The main-plot error (four degrees of freedom) was used to test treatment and harvest effects, and the split-plot error (eight degrees of freedom) was used to test clone and leaf position effects. All statistical analyses were performed with the SYSTAT software package (Wilkinson 1990) .
Results
Ozone exposures
By August 16, the total O 3 dose accumulated over the season was 56 ppm-h (Table 1) . Individual daily episodic exposures occasionally exceeded 100 ppb but rarely exceeded 140 ppb. These exposures are within the range occurring over much of central and eastern United States (Lefohn and Pinkerton 1988, Anonymous 1993) . However, even these low ozone exposures caused foliar injury symptoms on each of the clones. As the season progressed, the effects of the O 3 treatment on the oldest leaves became more pronounced until the leaves abscised (Karnosky, unpublished data) . Because of foliar injury, photosynthetic rate and total carbon fixation decreased (Coleman et al. 1995) . Declines in productivity were evident from biomass measurements of plants at the end of the season, and were most pronounced in the O 3 -sensitive Clone 259 (Karnosky, unpublished data) .
Fixation of
14
C
Because of variability associated with the field mylar bag technique, no patterns of total 14 C fixation related to leaf position, O 3 treatment or clone were found (Table 2) . However, during the season, the amount of 14 C fixed decreased from 48% of that applied during the July 4 exposure period to 32% of that applied during the August 16 exposure period. The amount of 14 C fixed during the 30-min pulse ranged from 10 to 60% of that applied among individual plants (coefficient of variation 10 to 80%). Such high variability is common in both indoor and field experiments and requires that the results be examined on a proportional basis . Thus, the patterns of Table 2 ). When the two leaf positions were analyzed individually, there was no O 3 treatment effect on recently mature source leaves (P > 0.31); however, mature source leaves of O 3 -treated plants retained a significantly greater percent 14 C than leaves of CF-treated plants in both late July (P = 0.009) and mid-August (P = 0.007) (Figure 2 ). The significant O 3 × leaf position interaction, which was greater in Clones 259 and 271 than in Clone 216, indicates that the mature and recently mature source leaves reacted differently to O 3 treatment (Table 2) 
Translocation of
14
C to sink tissues The average percentage distributions of 14 C in leaf, stem and root fractions were as follows. Leaves above the source contained 47% of the 14 C in the shoot above the source; leaves below the source contained 3% of the 14 C in the shoot below the source; and fine roots contained 27% of the total 14 C in roots. Because there were no important seasonal, O 3 treatment or clonal effects on carbon allocation patterns between leaves and stems or between fine and coarse roots (excluding source leaves), leaves and stems were combined to form the upper shoot and lower shoot sinks, and fine and coarse root were combined to form the root sink (Figure 3) . Table 2 ). During active shoot growth in early July, 40 to 70% of the carbon translocated from recently mature source leaves was allocated acropetally to the growing shoot. By late July, this proportion had dropped to nearly 30% in Clone 216, but remained about 60% for Clone 271. In mid-August, when terminal buds had developed on all plants except some plants of Clone 271 and leaf expansion was complete in Clones 216 and 259, the proportion of 14 C allocated acropetally was negligible except for the plants of Clone 271 that continued to produce leaves. The greater acropetal than basipetal allocation from recently mature source leaves early in the season is indicated by significant position and position × harvest interaction for percent 14 C allocated to the upper shoot (Table 2) . Basipetal allocation from recently mature leaves to lower shoot and roots increased during the season as allocation to the upper shoot decreased (Figure 3) . In early July, less than 15% of 14 C allocated from recently mature leaves was found in roots. By mid-August, 14 C allocated from recently mature leaves to roots exceeded 30% in all but the CF-treated plants of Clone 271 (Figure 3 ).
There was a significant difference in 14 C allocation to sinks associated with leaf position (Table 2, Figure 3 ) that was also dependent on harvest time; and there was a significant position by harvest interaction (Table 2) resulting from changes in patterns of allocation from recently mature leaves. The patterns of carbon allocation from mature leaves to upper shoot, lower shoot and roots were similar during the entire season (Figure 3) . In general, the proportion of 14 C recovered in shoots above mature source leaves was less than 6% of the total found in sink tissue during the entire season (Figure 3) . Concomitantly, the percent 14 C allocated to roots from mature source leaves (about 60%) was significantly greater than that allocated to roots from recently mature source leaves (15 to 35%) throughout the season (Table 2, Figure 3) .
Ozone treatment effects on allocation of 14 C were most evident late in the season. The percent 14 C allocated from recently mature source leaves to roots was greater in O 3 -treated plants than in CF-treated plants from late July through midAugust (Figure 3) . The increased 14 C allocation from recently mature source leaves to roots of O 3 -treated plants was at the expense of 14 C allocated to aboveground plant tissues (Figure 3) . In contrast, the proportion of 14 C allocated from mature source leaves to roots was significantly less in O 3 -treated plants than in CF-treated plants in mid-August (Figure 3 ). Coincident with a decreased allocation to roots from mature leaves there was an increased allocation to the lower shoot. The shift in allocation from mature source leaves from roots to lower shoot began earlier and to a much greater extent in Clone 271 than in the other clones. The significant interaction between O 3 and leaf position demonstrates the contrasting treatment effects of the two leaf positions on carbon allocation (Table 2) . (Table 3) .
Partitioning of
14
C in sink tissue Partitioning patterns were less evident in lower stem and coarse root sink tissues than in source leaves (Figures 5 and 6 ). Incorporation of 14 C into several chemical fractions was not affected by O 3 or clone (Table 3) . Percent 14 C (mean ± standard deviation) of fractions showing no effects for the lower stem were: starch, 7.8 ± 3.6% (Table 3) .
Chemical composition of source leaves
The chemical composition of source leaves sampled in mid-August was affected by O 3 , clone and leaf position. In the O 3 -treated plants, concentrations of reducing sugars in recently mature source leaves were significantly lower, whereas concentrations of nonreducing sugars tended to be higher than in leaves of CF-treated plants; as a result, there was no significant treatment effect on the concentration of total sugars (Table 4, Figure 7) . In contrast to recently mature leaves, mature source leaves from O 3 -treated plants had higher concentrations of reducing sugars but similar concentrations of nonreducing sugars compared with CFtreated plants. As a result, concentrations of total sugars were slightly greater in mature leaves of O 3 -treated plants than in mature leaves of CF-treated plants.
Starch concentrations were lower in recently mature leaves of O 3 -treated plants than in recently mature leaves of CFtreated plants, but this effect was less pronounced in mature leaves (Table 4, Figure 7 ). Mature leaves of O 3 -treated plants had significantly lower concentrations of the lipids + pigments fraction and the water--methanol soluble fraction (mainly tannins and phenolics), and a significantly greater amount of residue compared to CF-treated plants. , mean ± standard deviation) for each fraction were: residue, 788 ± 26; reducing sugars, 40 ± 10; nonreducing sugars, 23 ± 10; total sugars, 63 ± 13; water--methanol solubles, 50 ± 10; lipids + pigments, 44 ± 7; starch, 32 ± 9; and amino acids, 1.1 ± 0.2. Significant differences in the lower stem were associated with clones and O 3 × clonal interactions ( Figure 8 ). The response of Clone 259 to O 3 was much greater than that of the other clones, especially for sugars, amino acids and residue components (Figure 8) . In both the CF and O 3 treatments, coarse roots of Clone 271 had significantly greater lipids + pigments and water--methanol concentrations, and less starch than the other clones.
Chemical composition of sink tissue
Total carbon allocation to sink tissue The amount of carbon fixed and then allocated to sink tissue was much greater for recently mature leaves than for mature leaves (Figure 9 , positional effect in Table 5 ). In mid-August, most of the carbon fixed in recently mature leaves was allocated to the lower shoot, whereas most carbon fixed by mature source leaves was allocated to roots. Significant carbon allocation to the shoot above recently mature leaves was found only in CF-treated plants of Clones 259 and 271. Carbon allocation to the lower shoot and roots decreased with O 3 exposure in Clone 259. In contrast, recently mature leaves of Clones 216 and 271 exposed to O 3 were able to maintain carbon allocation equal to or greater than leaves of CF-treated plants. In Clone 271, this basipetal shift in carbon allocation in response to O 3 decreased acropetal allocation. Total carbon allocation from mature source leaves to lower shoots and roots was always less in O 3 -treated plants than in CF-treated plants ( Figure 9 ).
Discussion
Seasonal carbon allocation patterns in aspen were typical of indeterminately growing plants (Figure 3) . Carbon supplied to the actively growing shoot tip and leaves came predominantly from the recently mature leaves directly below the developing leaf zone. As the season progressed, the percentage of carbon allocated acropetally from recently mature leaves decreased, whereas that allocated basipetally to the lower stem and roots increased. The lower leaves on the stem translocated virtually all carbon to lower stem and roots throughout the season. When the late season increase in carbon allocation from recently mature leaves was added to that supplied by mature source leaves, carbon allocation to roots increased dramatically. The seasonal response of aspen in this study (Figure 3 ) was the same as that found in other Populus species (Nelson and Dickson 1981 , Dickson and Nelson 1982 , Dickson 1986 , 1991 . These typical carbon allocation patterns of different leaf age classes were largely unchanged by O 3 exposure. However, some shifts in carbon allocation patterns to compensate for O 3 damage did occur, particularly in the O 3 -tolerant Clone 271. In many species, O 3 decreases root biomass accumulation more than shoot biomass accumulation (Cooley and Manning 1987) . Shoots may receive a greater proportion of the limited assimilates as a result of decreased phloem loading (McLaughlin and McConathy 1983) , decreased phloem transport (Spence et al. 1990 ), or greater carbon demands for repair of O 3 -damaged foliage (McLaughlin and McConathy 1983) . Additionally, photosynthetic carbon fixation rates of mature leaves exposed to O 3 stress are severely inhibited (Reich 1983 , Coleman et al. 1995 . Because lower leaves have a major role in supplying roots with carbon, O 3 stress should inhibit root growth to a greater extent than shoot growth. However, in some species allocation of carbon to biomass of both aboveground and belowground plant parts declines equally with O 3 treatment, and shoot/root ratios remain constant (Cooley and Manning 1987 ). Aspen appears to fit this pattern of response because shoot/root ratios were unaffected by O 3 treatment (P = 0.485; Karnosky, unpublished data) . Although the amount of carbon allocated from mature leaves to roots was severely inhibited by O 3 treatment in aspen, recently mature leaf carbon allocation shifted to favor roots at the expense of the shoot, thus compensating for decreased carbon allocation from mature leaves to roots (Figures 3 and 9) .
Carbon partitioning patterns in leaves can vary diurnally in response to accumulation and translocation of assimilates (Huber 1983 , Dickson 1987 , 1991 . Additionally, other plant and environmental factors can have a large influence on leaf carbon metabolism (Geiger 1979 , Stitt 1987 , Rufty et al. 1988 . Carbon partitioning in aspen source leaf tissue responded to O 3 stress to a much greater extent than that in sink tissues (Tables 3 and 4 ). The most significant response to O 3 stress in aspen was found in leaf tissues where 14 C incorporation into starch was less than half that of the CF-treated plants (Figure 4) , resulting in substantial decreases in the total starch concentration, especially in recently mature leaves (Figure 7) . Coarse root starch concentrations also decreased with O 3 treatment (Figure 8 ). Similar declines in starch concentrations in response to O 3 have been found for Pinus taeda L. (Meier et al. 1990 , Friend et al. 1992 , Pinus ponderosa Laws. (Miller et (Paynter et al. 1991) , Gossypium hirsutum L. (Miller et al. 1989) and Trifolium repens L. (Blum et al. 1982) . There are, however, cases where O 3 exposure increased starch concentrations in shoots (Tingey et al. 1976 ). Incorporation of 14 C into sugar generally increased with O 3 exposure in source leaf and lower stem tissue (Figures 4 and  5) ; however, total sugar concentrations were mostly unchanged because of differential incorporation into the different sugar fractions. For example, reducing sugar concentrations decreased in recently mature leaf tissue, whereas nonreducing sugar concentrations increased. At the same time, both sugar fractions and total sugars tended to increase in mature leaves. Similar complex responses to O 3 treatment have been found in Pinus species (Barnes 1972 , Tingey et al. 1976 , Paynter et al. 1991 . Decreases in starch and increases in soluble sugars are a common response to O 3 exposure (Friend et al. 1992) .
To determine how shifts in carbon allocation patterns affected growth, we calculated the total amount of carbon translocated to sink tissue from photosynthetic data and the percent 14 C allocated to different tissues. Ozone significantly decreased mature leaf photosynthetic rate. This negative effect was similar in magnitude for all clones. In contrast, O 3 effects on recently mature leaf photosynthetic rate differed among the clones: photosynthesis was unaffected in Clone 216, significantly decreased in Clone 259, and slightly increased in Clone 271. In addition to decreases in photosynthetic rate, abscission of mature leaves was observed to varying degrees in all clones, and O 3 treatment significantly increased the loss of mature leaves. Clones 216 and 259 lost more leaf area than Clone 271 (Coleman et al. 1995) . Because of decreases in photosynthetic rate and loss of leaves in the O 3 -treated clones, much less photosynthate was available for transport to sinks. For example, in Clone 259, when the rate of 7.4 µg s −1 of carbon allocated to roots from the recently mature leaves of CF plants is totaled for 8 h per day over 100 days, an accumulation of 21.3 g of carbon is predicted. This approach assumes that the midday photosynthetic rate holds for 8 h and represents the cumulative daily photosynthetic productivity, and that the amount retained after the 48-h chase period represents dry matter accumulation. The corresponding values for O 3 -treated plants of Clone 259 were 2.7 µg allocated s −1 and 7.7 g accumulated, respectively. Adding the contribution of mature leaves, the total accumulation was 25.6 and 8.6 g for CFtreated and O 3 -treated plants, respectively. The differing clonal responses in carbon allocation to O 3 treatment provide information about the mechanisms of variable sensitivities. All clones increased the percent of carbon allocated from recently mature leaves to lower stem and root tissue following terminal bud set, but Clone 271 appeared to make adjustments sooner and to a greater extent than the other clones. Clone 271 was exceptional in its ability to compensate for O 3 stress. Not only were plants of this clone able to shift a greater proportion of carbon to sinks in the lower portion of the plant, but the recently mature leaves also compensated by increasing their photosynthetic rate. As a result, there was no apparent O 3 effect on carbon allocation to sink tissue in this clone ( Figure 9 ). Ozone has been shown to increase the photosynthetic rate of retained foliage in other tree species (Eamus et al. 1990) , and this increase may result from increased sink demand of the diminishing leaf area. Photosynthetic rate of retained leaves is known to increase in Populus following artificial defoliation (Bassman and Dickmann 1982) , and this photosynthetic adjustment was associated with shifts in carbon allocation (Bassman and Dickmann 1985) . It is reasonable, therefore, to expect a similar response in O 3 -stressed aspen in which mature leaves senesce and abscise prematurely.
There was a negative effect of O 3 on the total amount of carbon transported in the O 3 -sensitive Clone 259 (Figure 9 , cf. Karnosky et al. 1992) . Sensitivity of Clone 259 is related to decreases in photosynthetic rate and loss of lower leaves rather than to changes in carbon allocation. Carbon allocation from recently mature leaves did shift basipetally to compensate for loss of photosynthate from lower mature leaves. This shift in carbon allocation, however, could not compensate for overall loss of productivity resulting from O 3 exposure of Clone 259.
Ranking of these clones with respect to O 3 sensitivity was originally based on relative decreases in biomass production and foliar injury in response to O 3 exposure. Based on decreases in biomass with O 3 exposure, in 1989 the clones were ranked 216 > 271 > 259 (Karnosky et al. 1992) . In 1990, biomass rankings were the same. In 1991, based on decreases in biomass, the clones ranked 271 > 216 > 259 (Karnosky, unpublished data) . Small changes in environmental or experimental parameters may change the relative biomass production of Clones 216 and 271, both of which are relatively tolerant to O 3 exposure compared to Clone 259. Our data indicate that tolerance is determined largely by the photosynthetic response to O 3 exposure, and that this response differs significantly among the three clones (Coleman et al. 1995) .
In summary, seasonal patterns of carbon allocation found in this study were typical of indeterminately growing plants where carbon transported from recently mature leaves moves both acropetally and basipetally until terminal bud set. Following terminal bud set, all leaves on the plant transport carbon basipetally. Ozone effects on carbon allocation patterns were more apparent later in the season. Mature leaves translocated significantly less 14 C to the roots when exposed to O 3 . Recently mature leaves increased carbon allocation to roots with O 3 exposure in an apparently compensatory response. This compensation by recently mature leaves resulted in O 3 having negligible effects on the shoot/root ratio. Although the adjustments of carbon allocation from recently mature source leaves to different sinks distributed the impact of O 3 more evenly throughout the plant, the greatest impact of O 3 was on total carbon gain (cf. Coleman et al. 1995) . Those clones that retained relatively greater leaf area and photosynthetic rate were most successful at maintaining productivity at rates similar to CF-treated plants.
